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　Measurement of viscoelastic phase behavior of DMSO and PrOH as a function of 
temperature associated with liquid-solid phase transition of them was demonstrated 
first using quartz crystal microbalance with a cryo-cell developed in this study. The 
viscoelastic behavior of each sample was observed based on the resonance frequency 
and resistance with admittance analysis of the oscillation. The use of QCM equipment 
developed in the this study enabled the viscoelastic phase measurement under cryo-
condition of each sample.
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　Modern QCM enables viscoelastic measurement of soft material with large mass 
loading on the QCM. This is owing to enough power supply system for QCM drive and 
the control technology of stable oscillation of quartz. The oscillation was dramatically 
improved by the use of external oscillation drive method instead of the classical self-
oscillation method. Modern type QCM controls the frequency of the drive signal so 
that the QCM is always vibrated in maximum with distortion of vibration. The QCM 
measurement under cryo-condition of soft heavy loading samples is objective of this 
study, in which liquid-solid phase transition of the loading samples was included. The 
solid phase produced by the liquid-solid phase transition of samples in the measurement 
under their cryo-condition causes heavy mass loading on the QCM. In general, heavy 
mass loading on the QCM results in stop of its oscillation. The 1st generation QCM is not 
available for the measurement with heavy mass loading due to this reason. Modern type 
enables the oscillation even in the heavy mass loading owing to the enough power supply 
and the oscillation control method as mentioned above, which will enable extensive use 
of the QCM to heavy mass sample.
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 1. Introduction
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　In the present study, viscoelastic behavior of 1-propanol (PrOH) and dimethyl 
sulfoxide (DMSO) was measured by the QCM with cryo-cell developed in my laboratory 
as a function of temperature including their freezing point. The viscoelastic behavior 
of many samples in its freezing and/or solid phase has not been studied well duo to its 
methodological difficulty. Schichman et al. and Chauhan et al. studied the shear viscosity 
and density of dimethyl sulfoxide-water mixture extensively over the wide range of 
temperature. Their study was performed in the liquid phase and was not extended 
to solid condition. Nishimoto et al. investigated the liquid structure of aqueous PrOH 
solution under its cryo-condition by x-ray diffraction and thermal analysis (freezing-
thawing differential scanning calorimeter). Three modes of structure and melting 
pattern of the freezing water-PrOH mixture were investigated. However, they also did 
not study from viscoelastic point of view of the freezing PrOH. Viscoelastic measurement 
of ice was performed first by Yamaya et al. based on low frequency vibration method 
using large ice sample. Their work was leading edge of relating research of this study. 
The objective of the research was to understand the mechanism of glacier dynamics. In 
the present study, the first observation of viscoelastic behavior and/or QCM response of 
aliquot amount of the freezable soft samples under their cryo-condition was performed 
as a function of temperature. The viscoelastic behavior obtained by QCM was examined 
based on viscoelastic parameters obtained based on electric circuit model that is 
equivalent to the mechanical oscillation model of QCM using admittance analysis of the 
oscillation.
　Viscoelastic phase behavior of propanol ; PrOH and dimethylsulfoxide ; DMSO 
was measured using quartz crystal microbalance ; QCM that is available under cryo-
condition of the target samples. (Seida, 2014, 2015) Fig.1 shows schematic diagram 
of the QCM measurement system developed in my laboratory. AT-cut 15mmφ  quartz 
crystal with gold electrode was used in this study. The QCM equipped with cryo-cell was 
developed in my laboratory. The temperature inside the cell was controlled by peltier 
device with PID controller. The moisture in the cell was also carefully shut out because 
moisture is negative factor disturbing the QCM oscillation in its low temperature 
use. Aliquot of liquid sample of PrOH or DMSO was dropped on the surface of the 
QCM. The measurement was performed by step-wise temperature swing. Resonance 
frequency fs and resistance R were measured using network analyzer with admittance 
analysis. The R is the inverse of maximum conductance ; Gmax. The resonance frequency 
reflects the change in loading mass and/or elasticity of loading material. The resonance 
resistance reflects viscosity of the loading material. From both the resonant frequency 
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and resistance, viscoelastic behavior of the loading material was observed as a function 
of temperature. It is known that viscosity of sample affects the fs in the case of viscous 
sample. The f2 that is the frequency at half Gmax and minimum suseptance B was also 
monitored because the f2 is known to be free from viscosity influence of the loading 
sample and will be a measure of real mass effect and/or elasticity of sample.
　Regent grade of each chemical was used in this study without further purification. In 
the case of PrOH measurement, oil film was used to cover the aliquot of PrOH sample to 
avoid evaporation of the sample during the QCM measurement.
　Figure 2 indicates the QCM behavior in the case of DMSO during the temperature 
swing between 5 and 25 degree C. The fs, f2 and R1 (1/G) values are plotted as a function 
of temperature. The fs and f2 decreased with the decrease of temperature and the R 
increased with temperature. DMSO has its liquid-solid transition point at 19 degree C. 
The density of frozen DMSO is slight larger than the liquid DMSO (1.1004 g/cm3(L)). 
Viscosity of DMSO increased with temperature in the liquid phase (Schichman, 1971). 
The inflection point appeared in the fs and f2 profiles at around 19 degree C. This is due 
to the liquid-solid transition of DMSO. Significant density change was not observed 
at the critical point. The measurement itself will be acceptable over the range of 
temperature measured in this study from the shape of admittance circle shown in Fig.3. 
Fig. 1　Schematic diagram of QCM measurement




Viscoelastic phase behavior of propanol and 
dimethylsulfoxide ; DMSO was measured using quartz 
crystal microbalance that is available under 
cryo-condition of the target samples. (Seida, 2013, 
2014) Fig.1 shows schematic diagram of the QCM 
measurement system developed in my laboratory. 
AT-cut 15mmΦ quartz crystal with gold electrode was 
used in this study. The QCM equipped with cryo-cell 
was developed in our laboratory. The temperature 
inside the cell was controlled by peltier device with PID 
controller. The moisture in the cell was also carefully 
shut out because moisture is negative factor disturbing 
the QCM oscillation in its low temperature use. Aliquot 
of liquid sample of PrOH or DMSO w s dropped on 
the surface of the QCM. The measurement was performed by step-wise temperature swing. Resonance 
frequency fs and resistance R were measured using network analyzer with admittance analysis. The R is the 
inverse of Gmax. The resonance frequency reflects the change in loading mass and/or elasticity of loading 
material. The resonance resistance reflects viscosity of the loading material. From both the resonant 
frequency and resistance, viscoelastic behavior of the loading material was observed as a function of 
temperature. It is known that viscosity of sample affects the fs in the case of viscous sample. The f2 that is the 
frequency at half Gmax and minimum B was also monitored because the f2 is known to be free from viscosity 
influence of the loading sample 
and will be a measure of real mass 
effect and/or elasticity of sample. 
Regent grade of each chemical was 
used in this study without further 
purification. In the case of PrOH 
measurement, oil film was used to 
cover the aliquot of PrOH sample 
to avoid evaporation of the sample 
during measurement.   
  
3.Results and discussion 
3.1 QCM behavior of DMSO 
   Figure 2 indicates the QCM 
behavior in the case of DMSO 
during the temperature swing 
between 5 and 25 degree C. The fs, 
f2 and R (1/G) values are plotted as 
Fig.2 Temperature dependence of fs, f2 and R in DMSO 
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3.1　QCM behavior of DMSO












































 increase of viscosity
















Fig.3 Admittance circle (DMSO)
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Fig.3 Admittance circle (DMSO)
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　Figure 5 shows the QCM behavior in the case of 30 wt% PrOH (water – PrOH 
mixture). The drastic red-shift of the fs, f2 and R (=R1) appeared in the cooling process 
indicating the liquid-solid transition (freezing) after super cooling at around –10 degree 
C. This freezing temperature was rather high compared with the super cooled freezing 
temperature of pure water, which is due to the existence of PrOH and large fraction 
of bound water on the PrOH. This drastic red-shift of fs will be due to the transition 
The circle just change its diameter depending on temperature and no deformation and 
no shift of the circle were observed. 
　Figure 4 indicates the viscoelastic parameters obtained by the admittance analysis. 
The parameter L1 and C1 were calculated based on the Butterworth-van Dyke expression 
of the equivalent circuit model. As can be noticed from the figure, the decrease of C1 
with the decrease of temperature indicates the increase of elasticity of the DMSO. 
The increase of L1 with the decrease of temperature indicates the increase of load on 
the QCM. The change in the L 1 and C 1 with temperature was much smaller in the 
solid phase than in the liquid one. However, the change in R1 was rather monotonous. 
The structural change of DMSO between its solid and liquid phases was investigated 
by Thomas et al. in 1966. The availability of this QCM method on the viscoelastic 
identification of soft material was confirmed in the case of DMSO.
Fig. 4　Temperature dependence of circuit parameters in DMSO

























































Fig.5  Temperature dependence of fs, f2 and R (=R1) in PrOH
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Fig.5  Temperature dependence of fs, f2 and R (=R1) in PrOH
of resonance frequency to a stable mode. The heavy loading induced by freezing of 
liquid water – PrOH mixture induced the red-shift. In the case of heavy mass loading, 
appearance of the resonance frequency shift was reported (Seida, 2014). The first peak 
in the heating chart will reflect the peritectic structure observed by XRD and DSC 
(Nishimoto, Y. et al. 2004). The 1st peak phase at around –20 degree C will reflect the 
melting of PrOH and H2O complex (the peritectic phase). The second large shift indicates 
the melting of ice phase. In the heating process, the oscillation of the QCM was actually 
not stable with drift of the oscillation taking a long period until stable oscillation. The 
data in Fig.5 are those collected at each temperature during the stepwise slow heating 
so that the data will include kinetic factors if dissipation of stress induced in the quartz 
by the temperature swing was not sufficient. Once freeze, then viscoelastic property 
of the PrOH showed two modes of viscoelastic change in the heating process. Spurious 
mode having resonance frequency that is different from the fundamental frequency of 
QCM was not the reason of this shift.
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　QCM measurement of propanol and dimethyl sulfoxide under their cryo-conditions 
was performed from the viewpoint of viscoelasticity of the sample. The measurement 
was successfully performed in the system associated with liquid-solid phase transition 
using the cryo-cell developed in this study. The viscoelastic parameters were derived 
for DMSO based on the LCR electric circuit model with the admittance analysis. The 
viscoelastic behavior of propanol was compared with the analytical data reported. 
Viscoelastic behavior of PrOH depending on structural change in its solid phase was 
obtained successfully. The potential of developed QCM with cryo-cell in the measurement 
of soft material under its cryo-condition was confirmed in this study.
　This work was supported by grant-in-aid for scientific research (C) 23510092. 
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